A silver-sheathed (Bi,Pb͒ 2 Sr 2 Ca 2 Cu 3 O y tape was studied in terms of harmonic responses n ϭ n Ј Ϫi n Љ ͑nϭ3, 5, 7͒ to reveal the angular dependence of its physical properties. In the screening method higher harmonic responses are directly related to the nonlinear voltage-current ͓E͑J͔͒ relation of the sample. Therefore, the effect of the silver sheath on the harmonic measurements can be neglected. We performed measurements of the harmonic responses as a function of applied magnetic field or angle between the magnetic field and the tape plane at various temperatures. The measured data could be scaled onto a single curve by using the three-dimensional scaling relation. The derived anisotropic parameter ␥ ranged from 5.1 to 5.6 at the measured temperature region. Such a small ␥ value was attributed to the misalignment of the grains in the tape. © 2001 American Institute of Physics. ͓DOI: 10.1063/1.1388155͔ High-T c superconductors are characterized by the strong anisotropy of their physical properties due to the layered structure. The anisotropic Ginzburg-Landau ͑GL͒ theory is expected to provide a reasonable description of such kinds of materials when the temperature is close to T c . However, a dimensional crossover from three-dimensional ͑3D͒ to twodimensional ͑2D͒ behavior is anticipated at temperatures for which the c-axis coherence length c is less than the distance between the CuO 2 layers. Lawrence and Doniach 1 have extended the anisotropic GL theory to include the crossover regime by treating highly anisotropic layered superconductors as stacks of Josephson-coupled superconducting layers. For the 2D case, the dissipation arising from a magnetic field titled by an angle versus the CuO 2 planes can be ascribed to an effective field H sin in the sense of the scaling proposed by Kes et al.
High-T c superconductors are characterized by the strong anisotropy of their physical properties due to the layered structure. The anisotropic Ginzburg-Landau ͑GL͒ theory is expected to provide a reasonable description of such kinds of materials when the temperature is close to T c . However, a dimensional crossover from three-dimensional ͑3D͒ to twodimensional ͑2D͒ behavior is anticipated at temperatures for which the c-axis coherence length c is less than the distance between the CuO 2 layers. Lawrence and Doniach 1 have extended the anisotropic GL theory to include the crossover regime by treating highly anisotropic layered superconductors as stacks of Josephson-coupled superconducting layers. For the 2D case, the dissipation arising from a magnetic field titled by an angle versus the CuO 2 planes can be ascribed to an effective field H sin in the sense of the scaling proposed by Kes et 8 have argued that the mechanism of superconductivity for different high-T c superconductors should be the same; therefore, their properties should show the same scaling behavior. Starting from the Helmholtz free-energy density for the mixed state of the anisotropic superconductor with the GL parameter ӷ1, they found a scaling form of f (B,)ϭ f ͓B/B c2 ()͔ for thermodynamic and electromagnetic quantities such as specific heat, magnetoresistance, critical current density, and flux melting temperature, where B c2 is the upper critical field. For most high-T c superconductors the magnetic field at an arbitrary angle can be simply scaled to a reduced field H red ϭH(cos
, where ␥ is the anisotropic parameter. Blatter, Geshkenbein, and Larkin 9 obtained a similar scaling rule by directly mapping results obtained for isotropic superconductors to anisotropic materials.
In this letter, we present the scaling behavior of higher harmonic alternating current ͑ac͒ responses n ϭ n ЈϪi n Љ ͑nϭ3, 5, 7͒ in silver-sheathed (Bi,Pb͒ 2 Sr 2 Ca 2 Cu 3 O y ͑Bi2223͒ tapes. For Bi2223 tapes, most experimental data were obtained from measurements of critical current density 10 and magnetoresistivity. 11 However, the silver sheath may have a strong effect on such transport data, especially when the temperature is very close to T c .
The high-J c silver-sheathed Bi2223 tape for this work was prepared by a physical deposition method following the powder-in-tube technique. The details of the fabrication were reported elsewhere. 12 The rectangular sample, with dimensions of ϳ4 mm wide and ϳ6 mm long, has an overall thickness of 80 m. The electrical resistivity of the sample was zero below T c ϭ107.8 K. The harmonic ac responses n Ј and n Љ were measured using a screening method described by Claassen 13 through a lock-in amplifier. During the measurements, the temperature stability was better than 50 mK. A direct current ͑dc͒ magnetic field was applied by an electromagnet. During our measurements, the dc magnetic field was larger than ϳ100 G. The demagnetizing effect can be disregarded. 14 For the field configuration in the screening method, there are no analytic expressions of n Ј and n Љ . Gilchrist and Brandt 15 have outlined a rigorous numerical solution for the induced current in the sample with an adjacent coil driven with an oscillating current. In effect, it involves dividing the sample into many concentric rings, then setting up coupling equations between the rings and the driving coil. To analyze our experimental results, we simply model the superconductor as a ring with a uniform current density. 16, 17 Suppose that such ring has self-inductance L, and mutual inductance M 1 and M 2 to the driving and pick-up coils, respectively. If V(I) is the voltage arising from the current I in the ring, we have where I drive is the driving current in the driving coil. The induced voltage in the pick-up coil is
where M 0 is the mutual inductance between the driving and pick-up coils. Substituting from Eq. ͑1͒, we obtain
The term in the square bracket involving direct coupling with the driving coil can be ignored since it produces no higher harmonic responses. Thus, the harmonic responses are closely related to the nonlinear E͑J͒ relation of the superconductor. The silver sheath has negligible effects on the harmonic measurements since it has a linear E͑J͒.
The harmonic responses were measured as a function of magnetic field for various angles from Ϫ90°to 90°in an interval of 2.5°at fixed temperatures. Figure 1 shows the typical field dependence of the harmonics at 92 K for 87.5°. Compared with the fundamental real and imaginary parts that are constrained to negative and positive values, respectively, the harmonic responses were more complicated. When the dc magnetic field was very low, the resistivity induced by the thermally activated flux flow in the tape was very small. Thus, the dc driving signal was fully shielded from the pick-up coil by the tape, and the measured harmonics were zeros. As increased with the dc field increasing, the harmonics began oscillating between negative and positive values. The resistivity approached its value of normal state when the field was large enough. The tape behaved like a normal metal. The harmonic responses returned to zeros again ͓Eq. ͑3͔͒. The effect of the dc field history on the harmonics is also shown. It can be seen that the harmonic responses for decreasing and increasing the dc field followed the same characteristic variation. The shift depends on the sweep rate of the applied dc field dH/dt, where t is time. In  Fig. 1 , dH/dt was set to be 1 G/s. However, we found that the shift approached zero when dH/dt was lower than 0.5 G/s. It was also found that the corresponding n Љ( n Ј) plots ͑Coles-Coles plots͒ collapsed onto a single curve for decreasing and increasing the field. Therefore, in the following discussion we only give the results for increasing the field with dH/dtϭ0.5 G/s.
The field dependence of the third harmonic 3 (H) at various angles is shown in Fig. 2 . With the angle decreasing the corresponding peaks moved to higher magnetic fields. The fifth harmonic 5 (H) and seventh harmonic 7 (H) showed the same behavior. To test the 2D model, we first used H sin as a variable. However, it was found that the data measured at different angles did not obey the H sin scaling. Then, we performed the scaling examination using the more general scaling relation suggested by Hao and Clem 8 and Blatter, Geshkenbein, and Larkin. 9 In this case, the harmonic responses are scaled as where
is the anisotropic parameter, and m ʈ and m Ќ the effective masses for pair motion in the CuO 2 a -b planes and perpendicular to them along the c axis. It is apparent that Eq. ͑4͒ reduces to the H sin scaling relation when ␥ approaches infinity, i.e., for extremely anisotropic superconductors. However, we should note that even for a very large ␥, as in the case of Bi2212, cos /␥ cannot be ignored in the region of small since sin is also very small. As an example, the harmonic responses were plotted as a function of H red using ␥ as a scaling parameter in Fig. 3 . It can be seen that the scaling was quite successful. The obtained ␥ for the scaling was 5.1-5.6 for all our measured temperatures Tϭ90-100 K ͑T/T c ϭ0.83-0.93͒, which is close to the result in YBCO. 6 In Ref. 10 , it has been shown that 4Ͻ␥Ͻ6 for a Bi2223 tape at Tϭ77 K. This ␥ value was much smaller than the results ␥ϭ31 for Bi2223 single-crystal whiskers at TϷ90-109 K ͑T/T c Ϸ0.82-0.99͒.
18 Thus, such a small ␥ value might not be the intrinsic nature of Bi2223 superconductors, and may arise from the misalignment of grains in the tape. 19 It has been noted that the anisotropic parameter ␥ is temperature dependent in some theoretical models such as Tinkham's model. 20 However, it does not change with temperature in the above scaling theory because both of the effective masses m ʈ and m Ќ have the same temperature dependence. 8, 10 The scaling relation in Eq. ͑4͒ is suitable only for a perfect crystalline structure with CuO 2 planes lying exactly parallel to each other and can be applied to describe the polycrystalline tape without including any modification from the misalignment of the grains. This implies that the scaling behavior holds only if there is a preferred orientation in the sample. The ␥ value can be viewed as a measure of the misalignment of the grains in the textured tape, instead of intrinsic anisotropy. It was also found that the above ␥ value was slightly larger than the result ␥ϭ3.5 obtained from the (H,) data of the same Bi2223 tape in the temperature range Tϭ98 -107 K, 11 which may be due to the effect of the silver sheath on the (H,) measurement.
In summary, the harmonic AC responses as a function of magnetic field at various angles have been measured to study the anisotropy in a well-textured Bi2223 tape. In the screening method the harmonic responses are directly related to the nonlinear E͑J͒ relation of the superconductor. The silver sheath has no effect since it has a linear E͑J͒. Therefore, harmonic responses are a suitable method to study the physical properties of superconductors sheathed with metals. For the present sample, the measured data could be well scaled onto a single curve using the 3D scaling relation. The derived anisotropic parameter was much smaller than that for Bi2223 whiskers, which is attributed to the misalignment of the grains in the tape. , showing a 3D scaling behavior.
